INTRODUCTION {#S1}
============

Genetic variation contributes to susceptibility or resistance of disease. This is also true for genes in the IL-10 signaling pathway. Polymorphisms within IL-10 pathway genes contribute to chronic hepatitis C, tuberculosis, HIV, systemic lupus, rheumatoid arthritis and the outcome of organ or bone marrow transplantation.[@R1] Most recently IL-10 receptor mutations had been associated with severe early-onset enterocolitis[@R2], a phenotype that had been observed with IL-10 knockout mice some 16 years earlier[@R3].

IL-10 is a pleiotropic cytokine which acts on many hematopoietic cells. It was first described as a cytokine synthesis inhibitory factor secreted from CD4^+^ T-cells to terminate inflammatory responses.[@R4] Thus, the principal function of IL-10 appears to be the termination of inflammatory responses. IL-10 inhibits the production of cytokines (e.g. TNF-α, IL-1, IL-6, IL-8, IFN-γ) and chemokines (CC and CXC); it regulates the proliferation and differentiation of T-cells, B-cells, antigen-presenting cells, natural killer cells, mast cells and granulocytes.[@R5] The ability of cells to respond to IL-10 depends on the expression of the IL-10 receptor complex, which is composed of two subunits: IL10R1 and IL10R2. Stimulation of this receptor complex leads to the activation of Jak1 and Tyk2 and phosphorylation of signal transducer and activator of transcription (STAT) 1, 3 (and in some cells also STAT5[@R6]), which translocate to the nucleus and induce gene expression. Both receptor subunits belong to the class II cytokine receptor superfamily and act as tetramers.[@R5], [@R7] Whereas IL10R1 plays a dominant role in ligand-binding and signal transduction, IL10R2 participates in the initiation and transduction of the signal.[@R8] In contrast to IL10R1, which is expressed mainly by cells of the immune system[@R9], IL10R2 is ubiquitously expressed and serves as a second subunit for other receptor complexes.[@R10] Therefore distinct binding domains of IL10R1 are assumed to be responsible for the IL-10 specifity.[@R5]

Two common variants within the IL10R1 gene were associated with schizophrenia[@R11], liver fibrosis in chronic hepatitis C[@R12], and various autoimmune diseases[@R13]. Substitutions of glycine 330 to arginine (G330R, herein termed SNP4) and of serine 138 to glycine (S138G, SNP3) are known to affect the cell's sensitivity to respond to IL-10 through incompletely understood mechanisms.[@R14] The extracellular SNP3 has been demonstrated to interfere with ligand binding.[@R15], [@R16] However, the mechanistic consequences of the intracytoplasmic SNP4 are unclear. After ligand-binding murine IL10R1 undergoes rapid internalization and proteosomal degradation, a process which is described to be dependent on certain intracytoplasmic residues (i.e. murine aa 282-389).[@R17] As SNP4 is located in this very region we primarily tested whether this variant alters the dynamics of IL10R1 expression in response to IL-10. As the same IL10R1 region is also sensitive for interaction with JAK1 (aa 300-578 interact with the JH7-6 domain of JAK1[@R18], [@R19]) we also tested for the dynamics of IL10R1/JAK1 binding as well as JAK1, STAT1 and STAT3 phosphorylation as an alternative hypothesis.

RESULTS {#S2}
=======

Reduction of IL10R1 surface expression after ligand-binding {#S3}
-----------------------------------------------------------

IL10R1 is thought to internalize after ligand-binding and thus decrease at the cell surface. To test for the timing of such event, HeLa cells expressing wildtype IL10R1 (IL10R1-WT) were stimulated with 50 ng/ml rhIL-10. Receptor expression was measured at 5, 10, 20, 30, 60 and 120 min of IL-10 stimulation. IL-10 binding leads to a fast reduction of IL10R1 cell surface expression ([Figure 1a and b](#F1){ref-type="fig"}). IL10R1 expression changed within 5 minutes. Stable reduction was achieved within 30 min of IL-10 treatment ([Figure 1b](#F1){ref-type="fig"}), a time point that was chosen for further studies.

IL10R1 surface expression returns to resting state after IL-10 pulse {#S4}
--------------------------------------------------------------------

As IL10R1 expression is lowered upon ligand binding, we next determined whether SNP4 alters such dynamics. SNP4 naturally occurs either alone or together with SNP3 (so called SNP3+4).[@R14] Thus, the effect of both haplotypes was investigated. HeLa cell clones stably transfected with pIRESpuro3-IL10R1-WT, -IL10R1-SNP4, or -IL10R1-SNP3+4 were treated with IL-10 for 30 min. In one set of the experiment, IL-10 was removed (referred to as "IL-10 pulse"). In another set, IL-10 was left in the medium for the entire length of the experiment (referred to as "IL-10 cont."). As control, HeLa cells were grown without IL-10 (referred to as "w/o IL-10"). The cells were incubated for 0.5, 3, 6, 9, 12 or 24 hours and IL10R1 expression was analyzed by flow cytometry ([Figure 2](#F2){ref-type="fig"}). Cells transfected with variant IL10R1 showed similar basal expression levels of the receptor as compared to the wild-type receptor ([Figure 2b](#F2){ref-type="fig"}). A significant reduction of IL10R1 cell surface expression was observed both in wildtype and variant IL10R1 readily after 30 min of IL-10 treatment ([Figure 2c](#F2){ref-type="fig"}). IL10R1 surface expression returned to normal levels within 3 to 9 hours after removal of IL-10. When cells were continuously cultured with IL-10, the receptor expression remained low. Treatment conditions (IL-10 pulse versus IL-10 cont.) had a significant influence on the IL10R1 cell surface expression (p\<0.001), independent of the SNP status. No difference was observed between the IL10R1-WT, IL10R1-SNP4 or IL10R1-SNP3+4 concerning the dynamics of receptor expression (p=0.762). Pulse treatment revealed a significant relation between post-pulse culture period and the level of IL10R1 (p=0.005) indicating that IL10R1 returned to the cell surface in a time-dependent manner.

Alteration of IL10R1 expression during cell cycle {#S5}
-------------------------------------------------

Although a CMV promoter should provide constitutive IL10R1 expression by stable transfected HeLa cells, some variation of IL10R1 expression was observed within each time point. Several studies demonstrated a relationship between cell cycle distribution and expression of surface proteins including the interferon[@R20], estrogen[@R21] and progesterone receptors[@R22]. Thus, we further tested IL10R1-WT clones after synchronization with nocodazole, which arrested almost all cells in the G2/M phase of the cell cycle ([Figure 3a](#F3){ref-type="fig"}). Removal of nocodazole allowed the cells to progress through the cell cycle ([Figure 3b](#F3){ref-type="fig"}). Furthermore it has been reported that IL-10 mediates proliferation in several cell types.[@R5] In our experiments addition of IL-10 had no influence on cell cycle progression. However, the more cells were in G0/G1 the higher was the IL10R1 MFI ([Figure 3c](#F3){ref-type="fig"} top; r=0.534, p=0.037). Inversely, the more cells in G2/M the lower was the IL10R1 MFI ([Figure 3c](#F3){ref-type="fig"} bottom; r=0.443, p=0.075) indicating that IL10R1 density decreases with cell cycle progression from G1 to G2/M phase. Experiments with IL10R1-SNP4 cells showed the same change from G1 to G2/M phase (data not shown). It is likely that the alterations of IL10R1 expression during cell cycle contributed to intra- and inter-experimental variation in receptor expression.

The intracytoplasmic IL10R1-SNP4 allows a rapid reduction in STAT phosphorylation {#S6}
---------------------------------------------------------------------------------

To investigate possible changes of JAK-STAT activation dynamics we analyzed IL-10-induced STAT3 phosphorylation at Tyr705 and dephosphorylation in cells expressing IL10R1 wildtype, SNP3, SNP4 or the combined SNP3+4 receptor haplotype. Similar to the experiments above cells were treated with IL-10 pulse (in order to examine STAT3 dephosphorylation dynamics) and compared with continuous IL-10 cultivation. After 0.5, 3, 6, 9, 12 or 24 hours, STAT3 activation was analyzed from whole cell extracts by phospho-specific western blotting. STAT3 was phosphorylated within 30 min in response to IL-10 ([Figure 4a](#F4){ref-type="fig"}). When cultured with IL-10 ([Figure 4](#F4){ref-type="fig"} "IL-10 cont."), no differences were seen between the various IL10R1 haplotypes indicating that none of the receptor variants influenced the speed of STAT3 phosphorylation. However, when IL-10 was removed from culture after 30 minutes ([Figure 4](#F4){ref-type="fig"} "IL-10 pulse") a fast decrease of STAT3 phosphorylation was observed as early as of 3 hours in both SNP4 carrying haplotypes. SNP3 (S138G) within the IL10R1 gene was described as a loss-of-function allele based on its reduced IL-10-induced STAT1 and STAT3 phosphorylation.[@R15] The duration of STAT activation was similar to cells expressing the WT receptor. IL10R1-WT or IL10R1-SNP3 haplotypes displayed slow STAT3 dephosphorylation (the activation lasted over 24 hours). The same kinetics were observed when protein extracts were blotted for STAT1 phosphorylation at Tyr701 ([figure 4b](#F4){ref-type="fig"}). The variant arginine 330 leads to a timely reduced period of the receptor's STAT activation, suggesting a role of glycine 330 in stabilizing STAT phosphorylation.

We also performed immunoprecipitation experiments to verify binding of JAK1 to IL10R1 in WT and SNP4 or SNP3+4 containing haplotypes. JAK1 binding remained unaffected on continuous IL-10 treatment (6h) or pulse treatment (6h, 30min IL-10; data not shown). We further analysed activation of JAK1 using pJAK1 antibody. Western blot analysis showed that JAK1 phosphorylation (tyr 1022/1023) was unaltered in all the cell lines investigated ([figure 4c](#F4){ref-type="fig"}).

DISCUSSION {#S7}
==========

Several reports have demonstrated relation between abnormalities of IL-10 signaling and susceptibility or resistance to disease.[@R12], [@R15], [@R23]-[@R25] Severe IL-10 receptor mutations have been associated with early-onset inflammatory bowel diseases[@R2] thereby proving the importance of this receptor in maintenance of intestinal immune homeostasis. Cell type specific expression of IL10R1 is assumed to be a critical factor for the ability of cells to respond to IL-10. This may explain the pleiotropic outcome of IL-10-mediated signaling in vivo.[@R13] Changes of the IL10R1 cell surface expression have impressive consequences for IL-10 bioactivity.[@R26]-[@R28] However, the surface expression pattern and its functional consequences of IL10R1 are incompletely understood. The hypothesis of this study was that IL10R1 G330R modulates IL10R1 expression or STAT activation upon ligand-stimulation and thereby interferes with IL10R1 signaling. Our results demonstrate that IL10R1 G330R does not alter the dynamics of receptor expression. However, G330R caused a marked reduction in the duration of STAT1 and STAT3 phosphorylation after IL-10 pulse treatment indicating that the position of G330 is important in stabilizing the STAT signal. Our findings are in line with earlier studies demonstrating a loss-of-function for IL10R1 G330R[@R14].

G330 is located in one of the two regions on the IL10R1 which are necessary for the interaction with JAK1 (aa 300-578 interacts with the JH7-6 domain on JAK1), the so-called Box 2B motif.[@R18], [@R19] Mutations in JAK1 binding regions of certain cytokine receptors, including IFNγRα, have been shown to decrease the interaction with JAK1 and\\or impair JAK1 activation.[@R18] In further experiments we investigated possible effects of G330R on destabilizing JAK1 binding to IL10R1, thereby affecting the persistence of STAT phosphorylation and allow premature dephosphorylation. However, we did not find any differences in JAK1 binding or its activation upon IL-10 treatment. Tyrosine phosphorylation of JAK1 remained constant up to six hours with wild-type and variant receptor. These results indicate that JAK1 activation is not affected by the exchange of glycine-330 to arginine. Consistent with findings of others [@R29], our results showed IL-10 induced downstream signaling (STAT phosphorylation) up to 24hrs with WT-IL10R1. In contrast, STAT phosphorylation upon ligand stimulation was not sustained in SNP4, as was observed with pulse treatment of IL-10. This suggests the possibility of ligand binding having an effect on the sustainibility of STAT signal in this IL-10R1 haplotype. It has been demonstrated that mutations in IL-10 receptors result in impairment of IL-10 signaling in inflammatory bowel diseases.[@R2] Our observation that WT IL10R1 can sustain the STAT activation in the absence of ligand, but not IL10R1 G330R, might have implications. Since STAT3 activity is important for suppressing inflammation, decrease in IL-10 concentration in the inflamed tissue might aggravate disease in the presence of IL10R1 G330R with impairment in the duration of STAT3 phopsphorylation.

Murine IL10R1 undergoes rapid internalization after IL-10 binding followed by proteasome-mediated degradation.[@R17] Our studies with human IL10R1 confirm reduction of the receptor expression upon ligand binding. Although the amount of IL-10 used (50ng/ml), should be sufficient to bind all receptor molecules on the cell surface, a small amount of IL10R1 (even though reduced) remained present throughout the time course. This can be explained by the fact that the expression of both receptor subunits, IL10R1 and IL10R2, is necessary for many cells to initiate signal transduction in response to IL-10. It is likely that IL10R1 is overexpressed with our constructs. Thus, the amount of IL10R1 molecules with all four constructs we used exceeds the amount of IL10R2 molecules on the cell surface. This was shown in a previous study by our group.[@R30] It seems unlikely that our findings can be explained by sterical hindrance of the receptor detection (by the PE-labeled antibody) through IL-10. In fact when IL-10 was removed after a stimulatory pulse, IL10R1 expression was delayed by up to 9 hours. If IL-10 had obstructed the binding of the antibody, IL10R1 detection should have been restored readily after IL-10 removal. Therefore the reduction of cell surface receptor upon IL-10 represents likely a true reduction of receptor on the cell surface through internalization.

It is important to understand whether the ligand-induced receptor internalization is needed for the diversity of IL10R1 signals.[@R31] At this point we have to reject our hypothesis that SNP4 changes IL10R1 expression dynamics, but rather suggest the involvement of proteins negatively regulating STAT activation. In studies with murine IL10R1 variants a region between aa 282-389 was described to be involved in signal termination.[@R17] Deletion of this domain led to enhanced IL-10 signaling due to deficient receptor degradation. It was hypothesized that this region may interact with phosphatases or other inhibitors of the IL10R1 signaling pathway. In contrast to receptor truncations where the whole region was missing, here we show that a single exchange of glycine to arginine in this region resulted in the opposite effect: decreased IL-10 signaling in terms of reduced duration of STAT phosphorylation. It is possible that G330R induces negatively regulatory proteins such as phosphatases by providing better interaction sites. Also the possibility, that in the absence of ligand, docking of STAT on IL10R1 is altered in this SNP, cannot be ruled out. Further experiments are required to elaborate the mechanism behind sustainability of STAT phosphorylation in IL10R1 G330R, including the role of phosphatases.

Though we were working with single cell clones of IL10R1 transfected HeLa cells, IL10R1 expression varied between different time points and experiments. Our data suggest that IL10R1 expression is low in G2/M phase, increases in G1 phase, and remains relatively constant during the S phase. This might be caused by an increase in cell-size before the cell-division. Our methodology is uncertain about the absolute number of IL10R1 on the surface. Last, IL10R1 induced STAT phosphorylation but did not change the progression of the cells through the cell cycle suggesting that IL-10 has no growth effects on HeLa.

In summary, our studies revealed a reduction of human IL10R1 cell surface expression upon ligand-binding and upon progression through the cell cycle, both of which are independent of the G330R variant. Also, G330R did not affect JAK1 binding to IL10R1 or activation. However, this variant caused a rapid reduction of STAT3 and also STAT1 phosphorylation thereby reducing the duration of the intracellular IL-10 signal, a finding that may explain the loss-of-function of the G330 allele.[@R14]

MATERIALS AND METHODS {#S8}
=====================

Cells and cell culture {#S9}
----------------------

HeLa cells stably transfected with pIRESpuro3-IL10R1-WT (clone\# 21, 31, 38, 39, 41), -SNP3 (clone\# 28, 30), -SNP4 (clone\# 10, 11, 21, 23, 43), or --SNP3+4 (clone\# 7, 12, 23, 26) were maintained in RPMI supplemented with 10% FCS and 1μg/ml puromycine (Sigma-Aldrich, St. Louis, MO, USA).[@R15] Cells expressing either the wildtype or variant IL10R1 were seeded in 6-well plates at a density of 2.5 × 10^5^ cells/well. For stimulation, cells were treated with 50ng/ml rhIL-10 (Bender MedSystems GmbH, Vienna, Austria) for the indicated length of time or with IL-10 pulse by which IL-10 was removed after 30 min by washing the cells twice with PBS. Cells were collected after further incubation in RPMI containing 10% FBS for different time periods. In some experiments, cells were synchronized with nocodazole (100 μg/ml in DMSO; Sigma) for 14 h.

Flow cytometry {#S10}
--------------

After appropriate stimulation, IL10R1 cell surface expression was analysed as described.[@R15] PE-conjugated anti-hIL10R1 antibody (Pharmingen, San Diego, CA, USA) or PE-conjugated isotype control (IgG~2a~, κ; BD Biosciences, Mountain View, CA, USA) were used. For cell cycle analysis cells were washed twice with ice-cold PBS and fixed in 100% ice-cold ethanol for up to 24h at 4°C. Cells were then centrifugated for 5 min at 1500 rpm and stained with propidium iodide solution (20mg/ml propidium iodide, 60mg/ml RNAse in PBS) at room temperature in the dark for 10 minutes. Cell cycle distribution was analyzed by flow cytometry using CellQuest acquisition software (FACScan; BD Biosciences, Mountain View, CA).

Western blot analysis {#S11}
---------------------

Immunoblotting was performed as previously described.[@R15] Phospho-STAT3 (Tyr 705), phospho-STAT1 (Tyr701), phospho-JAK1 (Tyr1022/1023), STAT3 and STAT1 monoclonal antibodies (all from Cell Signaling Technology, Danvers, MA) were used. Detection was carried out with horseradish peroxidase-conjugated secondary antibodies (HRP-conjugated anti-rabbit IgG, GE Healthcare, Little Chalfont, BKM, UK; HRP-conjugated anti-mouse IgG, Abcam, Cambridge, MA, USA). For pJAK1, IR dye conjugated secondary antibody was used and detected with Odyssey infrared imaging (LI-COR Biotechnology, Lincoln, NE, USA).

Statistics {#S12}
----------

Flow cytometry data were analyzed descriptively. Differences in the IL10R1 expression concerning the experimental condition (IL-10 continuous or pulse treatment) and SNP composition were analyzed for statistical significance using a linear mixed effects model. Data are presented as the decimal logarithm of the fold-change in MFI for each time point compared to the negative control ± SEM. The log MFI fold-change was defined as an independent variable and time point, SNP composition and experimental condition as fixed effects. Correlation between cell cycle and IL10R1 expression was estimated from flow cytometry data using linear regression analysis. The amount of cells within each cell cycle phase was compared to the median MFI of IL10R1 cell surface expression measured at the same time point. P-values below 0.05 were considered to be statistically significant.
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![Decline of IL10R1 expression upon IL-10\
HeLa cells transfected with IL10R1-WT were treated with 50 μg/ml rhIL-10. After 0, 5, 10, 20, 30, 60 and 120 min of incubation, IL10R1 expression was analyzed by flow cytometry. **(a)** Histograms of FL2 show cells stained with anti-IL10R1-PE antibody (empty) and cells stained with an isotype control (grey). **(b)** IL10R1 expression (mean fluorescence intensity) of four independent experiments (each performed in triplicates) was normalized to non-treated control and is presented as the fold-change in MFI for each time point.](ukmss-34069-f0001){#F1}

![SNP 4 does not affect the dynamics of IL10R1 expression upon ligand binding\
**(a)** Schematic diagram of the experimental procedure. w/o IL-10: Cells were grown without IL-10. IL-10 pulse: Cells were treated with IL-10 (50 ng/ml) for 30 min, and further incubated without IL-10. IL-10 cont.: Cells were kept in the presence of IL-10. IL10R1 cell surface expression was measured at indicated time points. **(b)** Basal receptor levels of HeLa cells transfected with IL10R1-WT, -SNP4 or --SNP3+4 were compared using flow cytometry. Histogram plots of FL2 show overlays of cells stained with anti-IL10R1-PE antibody (empty) and cells stained with an isotype control (grey). **(c)** HeLa cells transfected with IL10R1-WT, -SNP4 or --SNP3+4 were cultured with or without IL-10 or treated with an IL-10 pulse. IL10R1 expression was measured by flow cytometry at indicated time points. Data represent the mean ± SEM of 9 (IL10R1-WT), 6 (IL10R1-SNP4) or 4 (IL10R1-SNP3+4) independent experiments. Data are fold-change in mean fluorescence intensity (MFI) for each time point compared to control.](ukmss-34069-f0002){#F2}

![Alteration of IL10R1 expression throughout cell cycle\
**(a)** HeLa cells transfected with IL10R1-WT were treated with nocodazole for 14 h and analyzed for DNA content upon staining with propidium iodide (+noc). Non-treated cells served as a control (−noc). **(b)** HeLa cells transfected with IL10R1-WT were arrested in G2/M by nocodazol and further cultured with or without IL-10 for 0, 3, 6, 9, 12 and 24 hours. The percentage of cells within the G0/G1-, S-, and G2/M phase is shown. Data represent mean ± SD of three independent experiments. **(c)** Correlation between IL10R1 expression levels and percentage of cells within G0/G1- (r=0.534; p=0.037), S- (r=0.253; p=0.214), or G2/M phase (r=−0.443; p=0.075) are shown. MFI of IL10R1 expression are presented as the fold-change for each time point compared to t=0. Correlations (r) and significance (p) were calculated by Pearson correlation analysis.](ukmss-34069-f0003){#F3}

![Dynamics of STAT3, STAT1 and JAK1 phosphorylation in HeLa cells expressing wildtype or mutant IL10R1\
HeLa cells transfected with IL10R1-WT,-SNP3, -SNP4 or --SNP3+4 were cultured in the absence (−) or presence of IL-10 (IL-10 cont.), or treated with an IL-10 pulse for 30 min (IL-10 pulse). After 0.5, 3, 6, 9, 12 and 24h, cells were lysed and phosphorylation of STAT3 at Tyr705 **(a)** and STAT1 at Tyr701 **(b)** was detected by western blot. **(c)** JAK1 phosphorylation was detected after 6h (6h IL-10 or 30min IL-10 pulse).](ukmss-34069-f0004){#F4}
